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ABSTRACT 

With the recent publication of the measurements of the radiation angular power spec- 
trum from the BOOMERanG Antarctic flight (de Bernardis et al. 2000), it has be- 
come apparent that the currently favoured spatially-flat cold dark matter model (mat- 
ter density parameter O m = 0.3, flatness being restored by a cosmological constant 
Oa — 0.7, Hubble parameter h = 0.65, baryon density parameter fl\,h 2 = 0.02) no 
longer provides a good fit to the data. We describe a phenomenological approach to 
resurrecting this paradigm. We consider a primordial power spectrum which incorpo- 
rates a bump, arbitrarily placed at fcb, and characterized by a Gaussian in log k of 
standard deviation Ob and amplitude Ab, that is superimposed onto a scale-invariant 
power spectrum. We generate a range of theoretical models that include a bump at 
| scales consistent with cosmic microwave background and large-scale structure obser- 

ve") , vations, and perform a simple % 2 test to compare our models with the COBE DMR 

data and the recently published BOOMERanG and MAXIMA data. Unlike models 
that include a high baryon content, our models predict a low third acoustic peak. We 
• find that low t observations (20 < I < 200) are a critical discriminant of the bumps 

because the transfer function has a sharp cutoff on the high £ side of the first acoustic 
^ <— | peak. Current galaxy redshift survey data suggests that excess power is required at 

O a scale around 100 Mpc, corresponding to k\, ~ 0.05 h Mpc -1 . For the concordance 

model, use of a bump-like feature to account for this excess is not consistent with the 
constraints made from recent CMB data. We note that models with an appropriately 
chosen break in the power spectrum provide an alternative model that can give dis- 
tortions similar to those reported in the APM survey as well as consistency with the 
CMB data (Atrio-Barandela et al. 2000; Barriga et al. 2000). We prefer however to 
discount the APM data in favour of the less biased decorrelated linear power spectrum 
recently constructed from the PSCz redshift survey (Hamilton & Tegmark 2000). We 
$2] ■ show that the concordance cosmology can be resurrected using our phenomenological 

approach and our best-fitting model is in agreement with the PSCz observations. 
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1 INTRODUCTION 

The recent BOOMERanG and MAXIMA measurements of 
an acoustic peak in the angular power spectrum of the cos- 
mic microwave background (CMB) temperature at I ~ 200 
(de Bernardis et al. 2000; Hanany et al. 2000) has provided 
remarkable confirmation that the growth via gravitational 
instability of primordial adiabatic density fluctuations seeds 
large-scale structure. One consequence of the location of this 
peak, due to the compression of an acoustic wave on first 
entering the horizon of last scattering, is that the spatial 
geometry of the universe is flat. 

However, the weakness of the second acoustic peak at 
I « 400, due to the subsequent first rarefaction of the acous- 
tic wave on the last scattering horizon, has provoked consid- 



erable speculation as to the additional freedom that could be 
added to the concordance cold dark matter (CDM) model 
(matter density parameter fl m = 0.3, flatness being restored 
by a cosmological constant Qa ~ 0.7, Hubble parameter 
h — 0.65, baryon density parameter Qhh 2 = 0.02) to ac- 
commodate such an effect. Ideas that have been proposed 
include enhancement of the baryon fraction (Lange et al. 
2000; White et al. 2000), a large neutrino asymmetry (Les- 
gourgues & Peloso 2000), delay of recombination (Hu & Pee- 
bles 2000), an admixture of a component of cosmological 
defects (Bouchet et al. 2000) and models employing double 
inflation in supergravity (Kanazawa et al. 2000). 

Here we suggest a more phenomenological solution, 
which is motivated by suggestive, although not overwhelm- 
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ing, evidence from galaxy surveys that there is excess power 
relative to the scale-invariant (n w 1) fluctuation spectrum 
of the conventional model near 100 h' 1 Mpc. The case for 
excess power has not hitherto been completely convincing 
because one is probing the limit of current surveys. Nev- 
ertheless, several independent data sets have provided such 
indications (See e.g. Broadhurst et al. 1990; Einasto et al. 
1997; Landy et al. 1996). 

In fact the multiple inflationary model of Adams, Ross 
& Sarkar (1997) predicts the suppression of the second 
acoustic peak through the generation of features in the pri- 
mordial power spectrum from phase transitions that occur 
during inflation. More generally, there are strong theoret- 
ical arguments which suggest that arbitrary features can 
be dialled onto the primordial power spectrum predicted 
by generic inflationary models (See e.g. Chung et al. 1999; 
Garci'a-Bellido et al 1996; Lesgourges et al. 1998; Linde & 
Mukhanov 1997; Martin et al. 1999; Randall et al 1996; 
Starobinsky 1998). 

We therefore consider a primordial power spectrum 
which incorporates a phenomenological bump, arbitrarily 
placed at fcb, and characterized by a Gaussian in log k of 
standard deviation a b and amplitude Ab, that is superim- 
posed onto a scale-invariant power spectrum as advocated 
by Silk & Gawiser (1998). We examine the constraint on 
the bump parameters for the ACDM concordance model 
(Ostriker & Steinhardt 1995) (f2 m = 0.3, ft A = 0.7, h = 
0.65, Obft 2 = 0.02) posed by the CMB data, and restrict the 
choice of bump parameters to the region of parameter space 
that is consistent with observations of large-scale power and 
CMB anisotropies. 



2 THE THEORETICAL MODELS 

In our paper we consider one particular spatially-flat CDM 
model; the ACDM concordance model of Ostriker & Stein- 
hardt (1995) (fi m = 0.3, Q, K = 0.7, h = 0.65, Q, h h 2 = 0.02). 
We assume Gaussian and adiabatic initial conditions with a 
scale-invariant (n = 1) power law form as predicted by the 
simplest inflationary models. The radiation angular power 
spectrum is calculated using the CMBFAST program (Seljak 
& Zaldarriaga 1996) once the code has been modified to in- 
corporate a bump in the primordial spectrum as advocated 
by Silk & Gawiser (1998). We model this bump as a Gaus- 
sian in log k with a central location in wavenumber fcb, a 
standard deviation ab, and an amplitude Ab, resulting in the 
new primordial power spectrum given below, where Po(k) is 
the power spectrum of the model without the feature. 

PW = MX) (i + A b cxp (- (logfc -^ sfcb)2 )) , (1) 

We restrict the choice of bump parameters to the re- 
gion of parameter space that is consistent with large-scale 
structure and CMB observations. The parameters are var- 
ied as follows: 0.05 < a b < 2.0, 0.0 < A b < 3.0, 
0.001 < fc b h Mpc^ 1 < 0.140. 

Our focus is directed towards determining whether it 
is possible to resurrect the concordance model without re- 
sorting to the proposed ideas listed in our introduction that 
may prove to contradict observation. Since the CMB obser- 
vations indicate that the second acoustic peak is suppressed 
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in relation to the first acoustic peak, it may be that a dip in 
the primordial power spectrum around the scale of the sec- 
ond peak could also enable the concordance model to fit the 
data. Theories that predict a bump in the primordial power 
spectrum have been inspired by hints of such a feature from 
large-scale structure observations. We do not investigate a 
dip in this paper because there is less theoretical motiva- 
tion for this scenario. We attempt to increase the first to 
second peak ratio with the incorporation of a bump around 
the scale of the first peak, then renormalize the radiation 
angular power spectrum to fit the data. 

3 THE OBSERVATIONAL DATA 

Our data sample is listed in Table 1 . It consists of the 8 un- 
corrected COBE DMR points from Tegmark & Hamilton 
(1997), the 12 data points from the BOOMERanG Antarc- 
tic flight (de Bernardis et al. 2000) and the 10 recently pub- 
lished MAXIMA data points (Hanany et al. 2000). 



4 CONSTRAINING THE MODELS 

We use a simple goodness-of-fit analysis employing 
the data in Table 1 along with the corresponding win- 
dow functions for the uncorrelated COBE DMR points 
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Figure 1. The observational data set of Table 1. The crosses 
indicate the eight uncorrelated COBE DMR points (Tegmark 
& Hamilton 1997), the circles indicate the twelve BOOMERanG 
data points (de Bernardis et al. 2000) and the triangles indicate 
the ten MAXIMA data points (Hanany et al. 2000). The solid 
curve shows the best-fitting model (fcb = 0.004 h Mpc -1 , <7b = 
1.05, At, = 0.9) normalized to the full observational data set. 
The remaining curves show the same model with varying fcj, as 
indicated. All models are normalized to the best-fitting model. 



(Tegmark & Hamilton 1997) and assuming a top hat win- 
dow function over the BOOMERanG and MAXIMA bins. 
The window functions describe how the anisotropics at dif- 
ferent £ contribute to the observed temperature anisotropies 
(Lineweaver et al. 1997). For a given theoretical model, they 
enable us to derive a prediction for the ST that each exper- 
iment would see, to be compared with the observations in 
Table 1. 

It has been noted that the use of the \ 2 test can give 
a bias in parameter estimation in favour of permitting a 
lower power spectrum amplitude because in reality there is 
a tail to high temperature fluctuations. Other methods have 
been proposed (Bond, Jaffe & Knox 1998; Bartlett et al. 
1999) which give good approximations to the true likelihood, 
though they require extra information on each experiment 
which is not yet readily available. We do not use these more 
sophisticated techniques here. 

There are A^ata = 30 data points. Rather than adopting 
the COBE normalization, the theoretical models are nor- 
malized to the full observational data set resulting in a hid- 
den parameter. We use the method of Lineweaver & Barbosa 
(1998) to treat the correlated calibration uncertainty of the 
12 BOOMERanG data points and that of the 10 MAXIMA 
data points as free parameters with Gaussian distributions 
about their nominal values of 10% for BOOMERanG and 
4% for MAXIMA. This results in two further hidden param- 
eters. We do not account for the 10% correlation between 
the BOOMERanG bins nor that between the MAXIMA bins 
which would further reduce the degrees of freedom. Account- 
ing for the correlations would provide tighter constraints on 
the models, so the constraints we make are conservative. 

Because we are measuring absolute goodness-of-fit on 
a model-by-model basis, with three hidden parameters, the 



appropriate distribution for the \ 2 statistic has A^ata - 3 
degrees of freedom. Nothing further is to be subtracted from 
this to allow for the number of parameters, as they are not 
being varied in the fit. To assess whether a model is a good fit 
to the data, we need the confidence levels of this distribution. 
These are X27 < 29.87 at the 68% confidence level, X27 < 
40.11 at the 95% confidence level and X27 < 46.96 at the 
99% confidence level. Models which fail these criteria are 
rejected at the given level. 

Although we are unable to give the overall best-fitting 
model for currently permitted cosmologies, since this would 
require varying each of the cosmological parameters as well 
as those describing the bump, we find that for the paradigm 
considered the best-fitting model is fcb = 0.004 h Mpc -1 , 
A b = 0.9, CT b = 1-05. This model has a X 2 of 22.0 which 
is in good agreement with expectations for a fit to 30 data 
points with 6 adjustable parameters (the 3 bump parameters 
and the 3 hidden parameters). 

By marginalizing over the bump parameters we are able 
to determine the 68% confidence level limits on each param- 
eter. We find that the lower limit on fcb extends right to the 
edge of the region of parameter space that we are investi- 
gating. We do not feel it necessary to push this limit further 
since it extends into the region of greatest observational un- 
certainty due to cosmic variance. The upper limits in both 
Ob and Ab also reach the edges of our parameter space indi- 
cating that the CMB data allows a lot of freedom with the 
amplitude and standard deviation of a bump. We find that 
at the 68% confidence level k h < 0.014 h Mpc -1 , a h > 0.15 
and A b > 0.3. 

In Figure [I] we show the best-fitting model as well as a 
range of fcb models with the same A b , cr b and normalization 
to illustrate the effect of varying fcb . In Figure ^| we plot the 
best-fitting model together with models of varying cr b and 
Ab. From these figures it can be seen that, unlike models 
incorporating a high baryon content, our model predicts a 
low third acoustic peak. Also these figures highlight that low 
£ observations (20 < £ < 200) are a critical discriminant of 
the bumps because beyond the first acoustic peak the mod- 
els become less distinguishable. This because the transfer 
function has a much sharper cutoff on the high £ side of the 
first peak, relative to the cutoff on the low £ side. 

A confidence level contour map of fc b versus A b for the 
cosmology of interest with o"b fixed at 1.05 is shown in Fig- 
ure^ This indicates that, for the chosen cosmology, the scale 
at which a bump can appear in the primordial power spec- 
trum is quite constrained by the CMB data sample. At the 
68% confidence level we are limited models with a bump at 
scales fcb < 0.010 h Mpc -1 for this value of <Tb, although we 
have rather more freedom with the amplitude of the bump. 



5 FROM CMB TO GALAXY SURVEYS 

Since our incorporation of a bump into the primordial power 
spectrum of density perturbations was inspired by large- 
scale structure observations, it is interesting to ask how our 
modified model compares with the decorrelated linear power 
spectrum that was recently generated from the PSCz cata- 
logue (Hamilton & Tegmark 2000). We treat the 22 decor- 
related PSCz data points as uncorrelated so that the the- 
oretical model that we find to be the best-fit to the CMB 
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Figure 2. The same data sample as in Figure gj. The solid curve 
shows the best-fitting model (fct, = 0.004 h Mpc -1 , = 1.05, 
At, = 0.9) normalized to the full observational data set. The 
dotted curve shows the same model with <r b = 2.0, the dotted- 
dashed curve the same model with = 0.5 and the dashed curves 
the same model with At, = 0.5 (small dashes) and 1.5. All models 
are normalized to the best-fitting model. 



Figure 4. The PSCz decorrelated linear primordial power spec- 
trum (Hamilton & Tegmark 2000). The solid curve shows the 
standard spatially-flat cosmological model with a bump at fct, = 
0.004 h Mpc -1 , normalized to the CMB data sample with a bias 
factor of 1.07. The dotted curve shows the standard model with- 
out the bump, normalized to the CMB data sample with a bias 
factor of 1.16. 
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Figure 3. Confidence level contours for the concordance ACDM 
model as a function of fct, and At,, cr t, fixed at 1.05. The region 
within the 68% contour line is allowed at the 68% confidence level. 



observational data set can be compared with the galaxy sur- 
vey observations using a x 2 test. The theoretical model is 
renormalized to the observational data set resulting in a hid- 
den parameter. This allows for a bias factor b where 



P(k)pscz = b P(/c)cmb. 



(2) 



We note that non-linearity corrections to the data are omit- 
ted in our comparison. In ACDM models the effects of non- 
linearity in the matter power spectrum are partially can- 
celled by galaxy-to-mass antibias, so that the PSCz power 
spectrum is close to linear all the way to k = 0.3 h Mpc -1 
[Hamilton 2000]. 



Figure ^] plots our best-fitting CMB normalized stan- 
dard low-density cosmological model with and without the 
bump against the PSCz decorrelated linear power spectrum. 
Our best-fitting model has been renormalized to the PSCz 
data set with a bias parameter of 1.07 and the model with- 
out the bump takes a bias parameter of 1.16. Both models 
are a very good fit to these up-to-date large-scale structure 
observations (xLst-fit = 17.20, xLbump = 16-35, xli < 
23.46 at the 68% confidence level), but it is clear that the 
current data does not probe the scales that are critical to 
discriminating between the models. 

As stated in our introduction, several independent 
large-scale structure data sets provide suggestive, although 
not overwhelming, evidence that there is excess power rel- 
ative to the scale-invariant (n ~ 1) fluctuation spectrum 
of the conventional model near 100 ft -1 Mpc, correspond- 
ing to fc b ~ 0.05 h Mpc -1 (See e.g. Broadhurst et al. 1990; 
Einasto et al. 1997; Landy et al. 1996). Figure |^ shows our 
best-fitting bump model together with the standard ACDM 
model without a bump and the same model with a bump 
at fcb = 0.05 h Mpc -1 , each model independently taking its 
optimal normalization to the full CMB data set. It is inter- 
esting to note that a bump in the primordial power spec- 
trum of any amplitude or standard deviation at fct, = 0.05 h 
Mpc -1 is ruled out at the 95% confidence level by the CMB 
observational data for the ACDM concordance model. 



6 SUMMARY 

We describe a toy model for a bump to be included in the 
primordial density power spectrum with the hope of reviving 
the standard model without resorting to revising fundamen- 
tal cosmological theories. We have confronted our theoret- 
ical models with the recent BOOMERanG and MAXIMA 
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and SDSS should be able to probe the large-scale structure 
power spectrum at the depths required to further test our 
conjecture. Large-scale velocity field data are useful only at 
higher k as a discriminant of bump-like features, and we will 
address this issue in a later paper. 
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Figure 5. The same data sample as in Figure [l]. The solid curve 
shows the best-fitting model (fcj, = 0.004 h Mpc -1 , = 1.05, 
At, = 0.9), the dotted curve shows the standard ACDM model 



without 



bump and lhu dashed lluvu shuws Lhu same mudel 



with a Hump at k h - 0,052 h Mpc" 1 , a h - 1,05, A b - 0.9. Each 



model is independently normalized to the full CMB observational 
data set. 



data and have shown that it is indeed possible to resurrect 
the standard model, although we are somewhat restricted 



with w lere we place our additional feature. We find that 
our model, unlike models that include a high baryon con- 
tent, predicts a low third acoustic peak. 

There are two CMB measurements that will help to 
discriminate between such a bump and cosmological alter- 
natives for suppressing the second peak. One is of course 
the detection of the third peak. In addition, although low I 
(20-100) observations have received relatively little attention 
and hence are currently a poor constraint on cosmological 
parameters, we have found that the low i power is poten- 
tially a critical discriminant for the possible bump feature. 
This because the transfer function has a much sharper cutoff 
on the high I side of the first peak, relative to the cutoff on 
the low i side. 

Current galaxy redshift survey data suggests that ex- 
cess power is required at a scale around 100 Mpc, corre- 
sponding to kb ~ 0.05 h Mpc -1 (See e.g. Broadhurst et 
al. 1990; Einasto et al. 1997; Landy et al. 1996). For the 
concordance paradigm, use of a bump-like feature to ac- 
count for this excess is not consistent with the constraints 
from the CMB data. We note that models with an appro- 
priately chosen break in the power spectrum provide an al- 
ternative model that can give distortions similar to those 
reported in the APM survey as well as consistency with the 
CMB data (Atrio-Barandela et al. 2000; Barriga et al. 2000). 
We prefer however to discount the APM data in favour of 
the less biased decorrelated linear power spectrum recently 
constructed from the PSCz redshift survey (Hamilton & 
Tegmark 2000). 

The incorporation of a bump in the primordial spec- 
trum at a scale of k\> = 0.004 h Mpc -1 , as the CMB data 
prefers, is in good agreement with the PSCz power spectrum 
with a bias parameter of 1.07. Future surveys such as 2DF 
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